Abstract. Basal metabolic rate in mammals increases allometrically with body weight, irrespective of the taxonomic level chosen for analysis. Species' deviations from the allometric curve (relative basal metabolic rates) are associated with differences in diet, habitat and taxonomic affinity. When correlations with taxonomy are controlled for, the only consistently significant association that remains is the higher relative basal metabolic rates of vertebrate eaters.
Introduction
Interspecific comparisons demonstrate that mammalian metabolic rates increase with body weight, even under conditions of controlled activity and temperature. Kleiber (1932) and Brody & Proctor (1932) were the first to note that basal metabolic rates are proportional to the 0 75 power of body weight. Why the allometric exponent should take this particular value is unclear (but see McMahon, 1973 McMahon, , 1975 Calder, 1984) . However, the allometric relationship is not perfect, and some taxa have appreciably different basal metabolic rates from those expected by their body weights (Hayssen & Lacy, 1985) . Recently, attention has been given to explaining such deviations.
McNab (1980, 1983, 1986ab) has argued that diet and habitat are important determinants of basal metabolic rates among eutherian mammals.
Species feeding on vertebrates, herbs and nuts generally have higher basal metabolic rates for their weight (such species are referred to as having high relative basal metabolic rates) than those that feed on invertebrates, fruit and the leaves of woody plants (McNab, 1986a) . In addition, moderately sized species that are predominantly arboreal have lower relative basal metabolic rates than similarly sized terrestrial species that forage on the same kind of food (McNab, 1986a) . This association between basal rate and diet is regarded by McNab as 'causative, in the sense that various properties of the foods may limit the rate at which energy is acquired by a mammal, and therefore the rate at which the mammal can expend energy' (McNab, 1986a, p.7) . In attempting to explain these associations, McNab argues that mammals other than marsupials (see McNab, 1986b) exhibit the highest possible metabolic rates that their ecological and physiological requirements will allow, since higher rates yield higher reproductive output.
However, many of McNab's ecological correlates of relative metabolic rates may also be taxonomic associations. For example, species from the order Carnivora generally eat vertebrates while most primates feed on invertebrates, fruit and the leaves of woody plants. If carnivores have higher relative basal metabolic rates than do primates, and if there were many carnivores and primates in his sample, the associations McNab (1986a) described could result from a difference in relative metabolic rates between species from the two orders. Such differences in diet and metabolic rate could have arisen in the distant past and have been retained by inertia, rather than arising from evolutionary convergence (see Harvey & Mace, 1982; Ridley, 1983) . Furthermore, there are many other differences between primates and carnivores in addition to diet, for example in life-history patterns. Any difference in relative basal metabolic rate between the two groups could be more closely associated with differences in life history than diet, in which case taxonomic affinity would merely stand as a surrogate for some other directly relevant variable. The comparison between primates and carnivores is illustrative rather than substantive, but we believe that statistical procedures can and should be used to help reveal possible taxonomic effects. This paper attempts to identify ecological and taxonomic correlates of relative basal metabolic rate among mammals.
Methods
Body weight, metabolic rate and diet
The basal metabolic rates and body weights of 265 26 species of mammals from 18 orders were extracted M. A. Elgar & from the literature. Data and sources are given in P. H. Harvey the Appendix. Corbet & Hill's (1980) taxonomy has been followed (except that the Tupaiidae have been included within the Insectivora). In order to avoid statistical problems that might arise from comparing a variable (body weight) with a mathematical function of itself (metabolic rate divided by body weight), total basal metabolic rate was used for the analyses (measured as oxygen consumption per hour) rather than mass specific basal metabolic rate (which was used by McNab, 1986a) .
Following McNab (1986a) , each species was assigned to one of 10 diet categories (roots or tubers, grass, leaves, fruit, nuts or seeds, pollen, invertebrates, vertebrates, blood, and omnivorous) and one of four habitat categories (terrestrial, arboreal, aquatic and fossorial). Species in the same genus always had the same diet and habitat.
Analysis
Body weight and basal metabolic rate were logarithmically transformed before data manipulation and analysis. Nested analyses of variance were used to determine the taxonomic distribution of the variance in both body weight and basal metabolic rate, which according to Harvey & CluttonBrock (1985) can indicate an appropriate level for statistical analysis. Analysis at lower taxonomic levels could spuriously increase the sample size, while analysis at higher levels would ignore appreciable amounts of variation in the original data set and unnecessarily reduce the sample size.
We tested for changes in the allometric exponent relating metabolic rate to body weight at each taxonomic level, by using average values of metabolic rate and body weight at successive taxonomic levels. Generic points were means of constituent species values. Higher-level estimates were calculated hierarchically from mean values at the lower levels. Major axis and conventional regression slopes (Sokal & Rohlf, 1981) were calculated for each taxon in which the number of subtaxa for which data were available exceeded two. For example, slopes were calculated only for those families with three or more genera. A 'common' major axis was then estimated as the sample-size-weighted mean of all the slopes at each taxonomic level. Our statistical protocol is similar to that used by Martin & Harvey (1985) in their analysis of brain-size allometry.
Deviations orthogonal to the slope of the major axis lines of log basal metabolic rate on log body weight were calculated and used as measures of relative metabolic rates.
Results
Basal metabolic rate and body weight
The allometric exponents relating basal metabolic rate to body weight (measured as major axis and conventional regression analysis slopes) for different taxonomic levels are given in Table 1 .
About 80% of the variation in both basal metabolic rate and body weight was found among orders within the class (see Table 2 ). That is, species Table 1 . Changes in allometric exponent between body weight and metabolic rate for different taxonomic levels, together with 950% confidence limits (CL). Table 2 . Distribution of variance in body weight, basal metabolic rate (BMR) and relative metabolic rate at different taxonomic levels. Percentage variance refers to the additional variance located at that taxonomic level. The method used is described by Sokal & Rohlf (1981 In order to compare our approach with the results described by McNab (1986a) , relative basal metabolic rate was compared with diet at the species level (that is using species' deviations from the major axis line for the whole class set across species points). One-way analyses of variance revealed significant heterogeneity (F9,281 = 7 28, P < 0 001): species that feed on grass or vertebrates tend to have higher relative metabolic rates than species feeding on invertebrates, roots or leaves.
The same analysis for habitat also revealed significant heterogeneity (F3,281 = 5 27, P< 0-01): aquatic species tend to have higher metabolic rates than fossorial species. The results of these analyses at the species level are comparable with McNab's (1986a) .
If the differences in relative metabolic rate are directly associated with ecological variables, then the patterns of variation should be found across taxonomic categories, such as orders. However, several orders contain families characterized by different diets and habitats (which we refer to as polytypic orders), and even some families are polytypic. In our sample, species within genera always have the same diet and habitats. In searching for taxon-independent ecological correlates of relative basal metabolic rates, it seems sensible to use monotypic order values as independent points for analysis. But how should polytypic orders be dealt with? Over one-half of the variation in relative metabolic rate is found below the order level (see Table 2 ). Extreme alternatives are ( First, the procedure for diet under alternative A is described to illustrate how our simulation tests were constructed:
( (2) These average order values were then randomly reassigned among the orders, so that perhaps Carnivora was given the value for Edentata.
(3) For each order containing more than one diet category, the deviations from the original order mean were calculated. These deviations were then randomly reassigned among groups within each order. For example, frugivorous primates had relative basal metabolic rates that were 0 19 above the primate mean, whereas the value for leafeating primates was 0 06 below the primate mean.
In the reassignment, these values might be swap- Thus, the simulations generate a distribution of relative metabolic rate effects that would be obtained for diet and habitat if these ecological variables were not confounded with taxonomy.
The number of occasions out of 2000 that the observed summed relative metabolic needs were greater or less than the simulated summed relative metabolic needs for each diet category are given in Table 3 .
The simulation showed that relative metabolic rates of vertebrate eaters tend to be higher (P = 0 03) and invertebrate eaters lower (P = 0 03) than expected from the random patterns derived by the (Table 3 ). An equivalent set of simu-
Relative lations was performed on the habitat data. This metabolic rates simulation failed to reveal any significant in mammals patterns.
The procedure for the simulation under alternative B was similar to that described above for Relative Metabolic rate is given as mass specific, although for the statistical analysis it was measured as 02 h1. 
